Peripheral nerve injury often causes neuropathic pain and is associated with changes in the expression of numerous proteins in the dorsal horn of the spinal cord. To date, proteomic analysis method has been used to simultaneously analyze hundreds or thousands of proteins differentially expressed in the dorsal horn of the spinal cord in rats or dorsal root ganglion of rats with certain type of peripheral nerve injury. However, a proteomic study using a mouse model of neuropathic pain could be attempted because of abundant protein database and the availability of transgenic mice. In this study, whole proteins were extracted from the ipsilateral dorsal half of the 4 th -6 th lumbar spinal cord in a mouse model of spared nerve injury (SNI)-induced neuropathic pain. In-gel digests of the proteins size-separated on a polyacrylamide gel were subjected to reverse-phase liquid-chromatography coupled with electrospray ionization ion trap tandem mass spectrometry (MS/MS). After identifying proteins, the data were analyzed with subtractive proteomics using ProtAn, an in-house analytic program. Consequently, 15 downregulated and 35 upregulated proteins were identified in SNI mice. The identified proteins may contribute to the maintenance of neuropathic pain, and may provide new or valuable information in the discovery of new therapeutic targets for neuropathic pain.
Introduction
Various peripheral nerve injuries often result in the development of chronic neuropathic pain, which can be characterized by spontaneous pain, allodynia and hyperalgesia [1] . The development and maintenance of neuropathic pain critically involve the immediate and delayed central mechanisms in the spinal cord, associated with peripheral mechanisms [2] . The central mechanisms relate to hypersensitive responses of spinal dorsal horn (DH) neurons to stimuli; therefore, the biochemical molecules that contribute to DH hypersen-sitivity have been researched intensely. Following peripheral nerve damage, the persistent activity of, or the release of neurotransmitters and proinflammatory cytokines from the central terminals, of dorsal root ganglion (DRG) neurons drives abnormal gene and protein expression in the spinal DH [1] . These processes support the hypersensitive state of the spinal DH, described as "central sensitization" [2] . Therefore, identifying proteins with altered expression in the DH following peripheral nerve damage is essential to elucidate the central mechanisms of neuropathic pain.
Western blotting method and immunohistochemistry are commonly used to identify and quantify changes in protein expression in neuropathic pain; however, they are limited by the inability to assess a large number of proteins simultaneously. Proteomic techniques solve this problem by allowing simultaneous analysis of hundreds or thousands of proteins [3] . Until now, only a few studies have used a proteomic approach to identify spinal cord or DRG proteins; the majority of them use rat models of neuropathic pain [4] [5] [6] [7] [8] . Nonetheless, considering abundance of protein database and availability of transgenic mice, a proteomic study using a mouse model could provide more valuable information in neuropathic pain studies.
We sought to elucidate changes in the proteomic profile of the dorsal spinal cord using the mouse spared nerve injury (SNI) model of neuropathic pain [9] by performing tandem mass spectrometry (MS/MS) coupled to liquid chromatography (LC) analysis. Consequently, we identified proteins specific to either sham or SNI mice, which could be further interpreted as decreased or increased expression following surgical nerve injury, respectively.
Materials and methods

SNI-induced neuropathic pain in mice
Eight-week-old male C57BL/6 mice (Japan SLC Inc., Shizuoka, Japan) were used. All experiments were approved by the Institutional Animal Care Committee of Kyungpook National University (KNU 2009-38) that follows the guidelines of the International Association for the Study of Pain. The mouse SNI model was created as previously described [9] . Briefly, mice were anesthetized with isoflurane (3% for anesthesia induction; 2% for maintenance), and the three peripheral branches (common peroneal, tibial, and sural nerves) of the sciatic nerve were carefully exposed in the left hind limb without disturbing the sural nerve. Both common peroneal and tibial nerves were ligated tightly and transected distally, and a 2-mm section of the two nerves was removed. Exposure of the three branches of the sciatic nerve occurred during sham control surgery, without ligation or transection. To identify the development of mechanical allodynia in sham and SNI mice, the lateral region of the left hind paw plantar surface was stimulated with calibrated von Frey monofilaments (0.008-4.0 g; Stoelting Co., Wood Dale, IL, USA). A score of two paw withdrawal responses out of ten stimuli was classified as a 'positive' response to a certain von Frey monofilament.
Sample preparation and proteomic analysis
After the heart was perfused with cold phosphatebuffered saline (PBS), the lumbar segment (L4-L6) of the spinal cord was dissected out by laminectomy. The ipsilateral dorsal half of the lumbar segment, including the spinal DH, was used for protein extraction. The protein concentration in the supernatant was assessed with a protein assay kit, using bovine serum albumin as the standard. Total proteins were separated by size using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue staining, and each protein lane was cut into 15 gel pieces. Following this, the gel pieces were de-stained by incubation 75 mmol/L ammonium bicarbonate/40% ethanol (1:1), reduced with 5 mmol/L 1,4-dithiothreitol (DTT) (60°C for 30 minutes), alkylated with 55 mmol/L iodoacetamide (room temperature for 30 minutes), and proteolyzed with 20 µg/mL modified sequencing grade trypsin (37°C overnight; Roche Applied Science). The tryptic peptide mixture was eluted from the gel with 0.1% formic acid and subjected to reverse-phase liquidchromatography coupled with electrospray ionization (ESI) ion trap mass spectrometry (LC-MS/MS). Mass spectrometry was performed with ion-trap mass spectrometers (LTQ; Thermo Fisher Scientific, Waltham, MA, USA). The peptides were eluted onto reversed-phase (RP) Pico Frit columns packed in-house with C18 and then separated on an RP column by gradient elution. The solutions used as the mobile phases were H 2 O (A) and acetonitrile (B), both containing 0.1% v/v formic acid. The gradient was started at 2% B, reaching 60% B in 50 minutes, 80% B in the next 5 minutes, and 100% A in the final 15 minutes.
All MS/MS data for the first sample set (sham #1 and SNI #1) were searched against the mouse International Protein Index (IPI) database (Version 3.15 consisting of 58,099 protein entries) using the SEQUEST algorithm (Thermo Fisher Scientific, Waltham, MA, USA) in BioWorks (version 3.2). Protein identification was done based on the corresponding peptide identification. After identifying proteins, the data were analyzed with subtractive proteomics using ProtAn, an in-house analytic program. Tandem mass spectra for the second sample set (sham #2 and SNI #2) were extracted by Sorcerer (version 3.4β2). Charge state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using SEQUEST (Thermo Fisher Scientific, Waltham, MA, USA; version 27, rev. 11). Finally, results were imported into Scaffold (version Scaffold-01_07_00, Proteome Software Inc., Portland, OR, USA) for protein identification. The identification of peptides was accepted if they could be established at a probability greater than 95.0%, as specified by the Peptide Prophet algorithm [10] . Protein probabilities were assigned by the Protein Prophet algorithm [11] and contained at least 2 identified peptides. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Results
To elucidate the proteomic profile of the spinal DH in a mouse SNI model of neuropathic pain [9] , we extracted whole proteins from the ipsilateral dorsal half of the L4-6 spinal cord after the full development of neuropathic pain behavior at 9 days post-SNI surgery ( Fig. 1A and B). The extracted protein sample from each mouse was resolved by SDS-PAGE, and each gel was cut into 15 pieces (Fig. 1C) . From all MS/MS data of the first sample set, we identified 701 and 775 proteins from sham (control) #1 and SNI #1 samples, respectively. There were 146 and 220 proteins identified in sham #1 or SNI #1 alone, respectively ( Fig. 2A) . From all MS/ MS data from the second sample set, 783 and 895 proteins were identified from sham #2 and SNI #2, respectively, with 128 and 240 proteins identified in sham #2 and SNI #2 alone, respectively ( Fig. 2A) . Finally, we compared the proteins found only in sham #1 and #2, and found 15 proteins as their intersection. Similarly, the intersection of SNI #1 and #2 samples was 35 proteins. Proteins found in sham and SNI mice alone are based on a detection limit calculated by changes in expression due to SNI surgery; therefore, these results suggested that the 15 proteins found in the sham samples were downregulated ( Table 1) . Similarly, the 35 proteins detected in the SNI samples were likely to be upregulated by SNI ( Table 2) .
Subcellular localization and function of the proteins are shown in Fig. 2B . Most of detected proteins in both sham and SNI groups are cytoplasmic proteins, and the rest of proteins are categorized into endoplasmic reticulum, cell membrane, mitochondria or nucleus groups (a and b in Fig. 2B ), thus showing a similar distribution in both groups. On the other hand, there was a discrepancy in the distributions for functions of proteins. For example, proteins relating antioxidant and nucleic acid binding were found only in the sham group, whereas those relating cell adhesion and neurite growth inhibition only in the SNI group (c and d in Fig. 2B ).
Discussion
The present study, using proteomic analysis, identified 35 differentially expressed proteins in the dorsal spinal cord 9 days after SNI surgery in mice, and 15 differentially expressed proteins in that of shamoperated control mice. The lists were obtained by duplicate sampling from two different mice for each group. Because a detection limit determines the presence of proteins in each group, the 15 proteins Recently, proteomic approaches have been attempted to identify spinal cord or DRG proteins in rat models of neuropathic pain. Chronic constriction-induced sciatic nerve injury (CCI) regulated 5 proteins in the rat spinal cord [7] . In addition, 38 proteins were identified as differentially expressed in the rat dorsal spinal cord following spinal nerve ligation (SNL)-induced peripheral nerve injury [6] . In the DRG, approximately 1,300 protein spots have been detected, and 67 proteins of these were tightly modulated by SNL injury [4] . The proteins reported rarely overlap in these studies or with our study, suggesting that proteomic data could vary depending on the species used and injury type. In addition, experimental schemes, such as sampling area (whole or dorsal spinal cord), time points, and proteomic tools, could affect the proteomic data produced. To ensure consistency of animal-to-animal and batch-to-batch samples, we used two animals in each group and only proteins found in both animals were regarded as positive identification.
Among the 15 proteins identified in the sham group, periaxin is a cytoskeleton-associated protein of myelinating Schwann cells [12] and plays a key role in stabilization of the myelin sheath in the subsequent stage of myelination [13] . Recently, it has been demonstrated that mice lacking the periaxin gene develop lateonset demyelination, slower electrical conduction of sciatic nerves, and neuropathic pain behaviors [14] . Interestingly, proteomic analysis of the DRG showed downregulation of the periaxin protein in a rat SNL model of neuropathic pain [4] . Demyelination of peripheral nerves gives rise to neuropathic pain behaviors [15] ; therefore, the downregulation of spinal periaxin may contribute to development of neuropathic pain.
Contactin-associated protein (Caspr) 1 precursor, which exists as a complex with contactin and is enriched in the paranodal region of mature myelinated axons in the central (CNS) and peripheral nervous system [16] [17] , was also downregulated by SNI. Caspr is important during myelination and in the maintenance of myelination [16] [17] . Recently, it has been shown that the expression of Caspr is reduced in the axons of demyelinating lesions in patients with multiple sclerosis [18] and in lesions in infraorbital nerve injury [19] . Therefore, the downregulation of Caspr precursors in the present study may result from demyelination following peripheral nerve injury and contribute to the induction or maintenance of neuropathic pain.
Among the metabolic enzymes downregulated by SNI, S-adenosylmethionine synthetase (isoform type-2), also called methionine adenosyltransferase IIα, is known to catalyze the formation of S-adenosylmethionine from methionine and ATP. It has been reported that S-adenosylmethionine synthetase is sensitive to active oxygen and nitrogen species and regulates the consumption of ATP in the liver, thus preserving cellular viability under different stress conditions [20] . Reactive oxygen species (ROS) in the spinal DH are thought to contribute to neuropathic pain [21] [22] . Interestingly, peroxiredoxin-6 was also downregulated by SNI in the present study. Peroxiredoxin-6 reduces hydrogen peroxide or other hydroperoxides to water or their corresponding alcohols during the oxidation of glutathione [23] . Therefore, the downregulation of two proteins above suggests a less protective environment in the spinal DH against the overproduction of oxygen free radicals in neuropathic pain [20] . The nucleic acid binding proteins identified in the sham group included importin-7. Importin-7 binds to the transcription factor c-Jun which is phosphorylated and activated by c-Jun N-terminal kinase (JNK) [24] , promoting neuropathic pain via upregulation of monocyte chemoattractant protein (MCP)-1 [25] . Therefore, it would be interesting to assess whether the downregulation of importin-7 plays a role in JNK-MCP-1 signaling in neuropathic pain.
Of the 35 proteins identified in the SNI samples, brevican, a chondroitin sulfate proteoglycan, is an extracellular matrix molecule that is widely expressed throughout the developing and adult CNS. After spinal cord injury, neurocan, brevican and versican immunolabelings are increased within days in the injured spinal cord parenchyma surrounding the lesion site with expression peaking at 2 weeks post-injury [26] [27] . However, the total expression level of brevican protein is decreased in the broad epicenter area of the injured spinal cord, or is not significantly changed in the distant above-or below-levels of the injured spinal cord [27] , indicating an area-specific change in the expression level of brevican. In addition, the proteoglycan, DSD-1-PG, is upregulated within the denervated outer molecular layer after lesioning of the entorhinal cortex and contributes to the re-patterning process [28] . Therefore, the upregulation of brevican by SNI may be related to a molecular process that induces structural reorganization in the spinal cord after peripheral nerve injury [29] . Reticulon-4 (known as Nogo) is expressed as one of three isoforms, Nogo-A (isoform 1), Nogo-B (isoform 2) and Nogo-C (isoform 3), by transcriptional processes and alternative splicing [30] . Nogo-A mediates the inhibition of axonal outgrowth in the CNS, including the spinal cord [31] . Recently, it has been shown that the expression of Nogo-A is increased in the injured spinal cord [32] , indicating its role in structural plasticity [33] . Therefore, it would be interesting to assess whether the upregulation of reticulon-4 isoform 2 (Nogo-B) that was shown in the present study, also plays a role in axonal sprouting and targeting of primary afferents following peripheral nerve injury [29] , in addition to neuropathic pain.
Activated leukocyte cell adhesion molecule (ALCAM) is a member of the immunoglobulin superfamily. It is a CD6 ligand expressed on activated leukocytes, lymphocytes and monocytes [34] . Currently, there is no literature regarding the role of ALCAM in neuropathic pain; however, its expression is increased in active multiple sclerosis and experimental autoimmune encephalomyelitis lesions, and its upregulation facilitates leukocyte invasion into inflamed CNS tissues [35] . Leukocyte invasion occurs in the spinal cord DH following peripheral nerve injury [36] . Therefore, the upregulated ALCAM that we have found in this proteomic study may contribute to neuropathic pain at a certain stage of its development.
Among metabolic enzymes identified in the SNI samples, glutathione S-transferase A4 (GSTA4) is important for scavenging electrophilic substrates, such as hydroperoxides and ROS, by catalyzing glutathione conjugation [37] . Interestingly, GST was increased in the spinal cord after CCI [38] , which is in agreement with our proteomic results. Therefore, the upregulation of GSTA4 could be related to the outcome of neuropathic pain development.
Recently, it has been shown that SNI induces expression of phospholipase (PLC) β3 in mouse and human DRG neurons with mainly small and nonpeptidergic phenotypes; systemic treatment with the PLC inhibitor U73122 increases the pain threshold in mice in a rapid and long-lasting (48 hours) manner [39] . Therefore, the upregulation of PLCβ1 that was shown in this study may contribute to neuropathic pain following SNI.
In conclusion, our proteomic data provide the expression pattern of dorsal spinal cord proteins, which have diverse functions, such as cell/neurite growth, cell adhesion, structure, channels, transporters, metabolism, signal transduction, following SNI. Particularly, as mentioned above, proteins regulated by the SNI are related to functional roles in anti-oxidation (Sadenosylmethionine synthetase, peroxiredoxin-6, GSTA4), axon regeneration/myelination (periaxin, Caspr 1 precursor, brevican, reticulon-4), leukocyte invasion (ALCAM), and signal transduction (importin-7, PLCβ3). Some of the proteins that were identified in sham or SNI mice may be important new therapeutic targets for neuropathic pain. This should be assessed with future systemic studies.
